In situ fabricated nucleic acids microarrays are versatile and very high-throughput platforms for aptamer optimization and discovery, but the chemical space that can be probed against a given target has largely been confined to DNA, while RNA and non-natural nucleic acid microarrays are still an essentially uncharted territory. 2 -Fluoroarabinonucleic acid (2 F-ANA) is a prime candidate for such use in microarrays. Indeed, 2 F-ANA chemistry is readily amenable to photolithographic microarray synthesis and its potential in high affinity aptamers has been recently discovered. We thus synthesized the first microarrays containing 2 F-ANA and 2 F-ANA/DNA chimeric sequences to fully map the binding affinity landscape of the TBA1 thrombin-binding G-quadruplex aptamer containing all 32 768 possible DNA-to-2 F-ANA mutations. The resulting microarray was screened against thrombin to identify a series of promising 2 F-ANAmodified aptamer candidates with K d s significantly lower than that of the unmodified control and which were found to adopt highly stable, antiparallel-folded G-quadruplex structures. The solution structure of the TBA1 aptamer modified with 2 F-ANA at position T3 shows that fluorine substitution preorganizes the dinucleotide loop into the proper conformation for interaction with thrombin. Overall, our work strengthens the potential of 2 F-ANA in aptamer research and further expands non-genomic applications of nucleic acids microarrays.
INTRODUCTION
G-quadruplexes are naturally-occurring nucleic acid motifs consisting of stacked guanine tetrads stabilized by monovalent cations. Found in telomeres and oncogene promoter regions, they are believed to play multiple roles in the maintenance and the regulation of gene expression (1, 2) . Gquadruplex inhibition of telomerase has sparked strong interest as a target in anticancer drug discovery (3, 4) . The protein-binding spectrum of G-quadruplexes also extends to thrombin, a central enzyme in the process of blood coagulation, which certain quadruplex topologies have been found to bind to and inactivate (5, 6) . One sequence in particular, the 15mer 5 -GGTTGGTGTGGTTGG (referred to as TBA1) folds into a unimolecular, chair-like conformation featuring two stacked G-tetrads. Each tetrad is composed of syn-and anti-oriented guanines in an alternating fashion. The strands are aligned in an antiparallel manner and connected by three loops, two of which are TT dimers that contact the fibrinogen binding site of thrombin ( Figure 1A) , as shown in the crystal structure of the TBA1·thrombin complex (7) and whose K d was reported at 75-100 nM (8) . TBA2, a 29mer showing structural features from both duplex and quadruplex conformations, binds to thrombin with even higher affinity (K d = 0.5 nM (8) ) and, relevantly, to a different epitope than TBA1 (9) . As sequences whose structural, biophysical and binding properties are well characterized, TBA1 and TBA2 have become model aptamers and, as such, have been widely investigated and subjected to a plethora of chemical modifications (10, 11) , for the most part in TBA1, however, with little success in improving the thrombin-binding properties of the original oligomer.
One modification that stands out is 2 -deoxy-2fluoroarabinonucleic acid (2 F-ANA), a well-studied derivative of arabinose with DNA-like character (12, 13) , with particular relevance in oligonucleotide-based thera- peutic strategies (14) (15) (16) and in the study of non-canonical structures, particularly G-quadruplexes (17) (18) (19) . The introduction of 2 F-araG nucleotides at anti-oriented dG positions in TBA1 was found to increase the stability of the resulting quadruplex while keeping an antiparallel chair-like folding pattern. Furthermore, replacing dT units with 2 F-araT has, in a few select cases, improved the binding affinity towards thrombin (19) . These encouraging observations prompted us to consider the systematic substitution of all deoxynucleotides in TBA1 with 2 F-aranucleotides and to examine the effect of each modification on the thrombin-binding ability of TBA1. The number of all possible DNA-to-2 F-ANA permutations in TBA1 amounts to 2 15 (32 768 ) unique sequences; while certainly a formidable endeavour by standard solid-phase synthesis, this number is easily within the reach of in situ photolithography microarray synthesis.
Maskless photolithography is an in situ array fabrication technique that provides a very high number of unique, spatially-defined sequences ('features'), up to >2 million per microarray (20, 21) . Microarray oligonucleotides are fabricated using a slightly modified version of the familiar phosphoramidite synthesis cycle. The main difference is that an array of computer-controlled micromirrors within an optical imaging system delivers UV light to defined positions on the surface, triggering photodeprotection of the terminal 5 hydroxyl groups, allowing coupling reactions to proceed at selected locations in the next cycle. The overwhelming majority of oligonucleotide arrays are used as platforms to interrogate the relative abundance of DNA or RNA sequences in gene expression experiments (22) . However, the technology is well suited to reach beyond genomics applications and has emerged as a very high throughput technique for aptamer study and discovery (23) , allowing for the resolution of binding motifs and the evaluation of binding affinity as well. Common study targets on microarray platforms include DNA-and RNA-binding proteins (24) (25) (26) , and thrombin in particular (27, 28) , but also other classes of DNA ligands (29) .
We present herein the first in situ synthesis of 2 F-ANA and 2 F-ANA/DNA chimeric microarrays, and their use in fully mapping the binding affinity landscape of the DNA to 2 F-ANA permutation space of the TBA1 thrombinbinding aptamer. A fluorescently labelled TBA2 DNA aptamer is used in the experiments to perform 'sandwich'like thrombin-binding assays (30) (31) (32) (33) (34) (35) (36) . Our method not only provides a complete picture of the binding landscape of 2 F-ANA-containing TBA1, but also demonstrates the potential of highly complex microarrays of natural and chemically modified nucleic acids in the exploration and discovery of novel binding patterns and affinities.
MATERIALS AND METHODS

Monomer synthesis
All solvents and reagents were purchased from Sigma-Aldrich and used without further purification. THF was dried using an MB-SPS-800 solvent dryer (MBraun) and pyridine was dried over 4Å activated molecular sieves. Thin layer chromatography was performed on EM Science Kieselgel 60 F254 (1 mm) plates and flash chromatography on Silicycle 40-63 m (230-400 mesh) silica gel. 1 H-NMR, 13 C-NMR, 19 F-NMR and 31 P-NMR spectra were recorded on a Varian 500 MHz spectrophotometer with chemical shift values reported in ppm. 1 H-NMR and 13 C-NMR spectra were referenced to residual solvent. 31 P-NMR were measured from 85% H 3 PO 4 as an external standard.
Microarray design
The sequences to be synthesized on each array are listed in a text file, which is then uploaded into a MatLab (MathWorks) program, which generates the virtual masks and coupling order. Sequences were distributed randomly throughout the synthesis area to reduce spatial artefacts. Each microarray was designed with positive and negative control sequences and includes empty features to serve as a background reference. All possible DNA to 2 F-ANA permutations of TBA1 were generated using Excel with a builtin 'Mix and Match' macro. The negative control in TBA1 arrays has the sequence 5 -AATGGTAGTTTAAAT-3 . An array layout with ∼191 000 features was chosen, allowing for the synthesis of 5-6 replicates of each permutation. For the design of the microarrays containing the 178 best aptamer candidates, a four-part array layout was selected. This layout results in the synthesis of four small identical subarrays, within the footprint of a full array, each containing 2340 features. These sub-arrays can then be independently exposed to thrombin. Each sub-array contained 13 replicates of each of the 178 best aptamers.
Microarray synthesis and deprotection
The fabrication of microarrays followed the protocols for maskless array synthesis as already described elsewhere (37, 38) . In the dual array synthesis system, the bottom slide was first drilled with a 0.9 mm diamond bit, washed and rinsed in an ultrasonic bath (39) . Both top and bottom slides (Schott Nexterion Glass D) were then functionalized using N- (3- Nucleic Acids Research, 2017 , Vol. 45, No. 4 1621 room temperature under gentle agitation. After washing in EtOH/H 2 O 95:5 +0.2% AcOH (2 × 500 ml, 20 min each), the slides were dried and cured in a preheated vacuum oven at 120 • C overnight, after which they were stored in a desiccator cabinet until use.
The maskless array synthesis consists of an optical imaging system that uses a digital micromirror device (DMD, 1024 × 768 micromirrors) to deliver patterned 365 nm ultraviolet light onto the surface of the silanized slides, where synthesis takes place. A high-power 365 nm UV-LED (Nichia NVSU333A) serves as a light source (40) . The layout of the array is determined by the pattern of UV irradiation, which triggers the selective removal of the photolabile 2-(2-nitrophenyl)-propyloxycarbonyl (NPPOC) 5 -OH protecting group. Light exposure is performed with a radiant energy density of 6 J/cm 2 , with typical exposure times of 60 s at an irradiance of 100 mW/cm 2 . Reagent delivery and exposure to UV light are synchronized and controlled by a computer coupled to an Expedite 8909 synthesizer (PerSeptive Biosystems), which controls chemistry delivery to the array synthesis chamber. The cyclebased phosphoramidite chemistry is, other than NPPOC removal under UV irradiation, similar to that of standard solid-phase oligonucleotide synthesis. 5 -NPPOC dT/2 F-araT, dG (N 2 -isopropylphenoxyacetyl, iPrPac) and 2 F-araG (N 2 -iPrPac) phosphoramidites were used. For the coupling step, amidites were prepared as 0.03 M solutions in dry acetonitrile and the coupling step was set to 15 s for DNA and 10 min for 2 F-ANA. After synthesis, microarrays were deprotected at r.t. for 2 h in a 1:1 mixture of ethylenediamine (EDA)/EtOH (50 ml in staining glass jar), washed twice with deionized water then dried by blowing a stream of argon and stored in a desiccator cabinet.
Microarray hybridization
Complementary high pressure (or high performance) liquid chromatography-purified 5 -Cy3-labelled oligonucleotides (rA 18 for poly-dT arrays and r(AC) 6 for (TG) 6 arrays) were obtained from IDT or Eurogentec. Deprotected microarrays were hybridized in a self-adhesive chamber (Grace Bio-Labs SA200) filled with a 300 l solution of 10 nM 5 -Cy3 labelled complementary strand in hybridization buffer (0.1 M 2-(N-morpholino)ethanesulfonic acid, 0.9 M NaCl, 20 mM ethylenediaminetetraacetic acid, 0.01% Tween20, 0.05% bovine serum albumine (BSA)) at 4 • C for poly-dT arrays and at room temperature in a hybridization oven (Boekel Scientific) at a slow rotation rate for (TG) 6 arrays. After 2 h, the chamber was removed and the arrays were washed first in Non-Stringent Wash buffer (SSPE; 0.9 M NaCl, 0.06 M phosphate, 6 mM ethylenediaminetetraacetic acid, 0.01% Tween20) for 2 min, in Stringent Wash Buffer (100 mM 2-(N-morpholino)ethanesulfonic acid, 0.1 M NaCl, 0.01% Tween20) for 1 min and then briefly dipped in Final Wash Buffer (0.1X sodium saline citrate). The microarrays were then dried on a microarray centrifuge and scanned at 5 m resolution with an excitation wavelength of 532 nm in a microarray scanner (GenePix 4100A, Molecular Devices). Fluorescence intensities are reported as arbitrary units (a.u.). The scanned images were processed us-ing NimbleScan (Roche NimbleGen) and the extracted data were analysed using Excel.
Measure of coupling efficiency
The coupling efficiency of 2 F-araT and 2 F-araG was measured using the method of terminal labelling. Oligomers of 2 F-araT or 2 F-araG of various lengths (1 to 12mers) were fabricated on the same microarray and labelled with a terminal 5 -Cy3. A capping step followed each coupling of 2 F-araT or 2 F-araG and was performed by coupling DMTr-dT phosphoramidite (0.03 M) for 60 s. The terminal labelling consisted in two consecutive coupling events of 300 s with Cy3 phosphoramidite at a 0.05 M concentration. After synthesis, the arrays were washed in acetonitrile at room temperature for 2 h, dried then scanned and the data extracted using NimbleScan. The decrease in fluorescence intensity as the length of the oligomer increases reflects the coupling efficiency of the 2 F-ANA monomers and follows the mathematical model of an exponential decay. The extracted data were first normalized and then plotted in SigmaPlot 11.0 (Systat Software) and the resulting curve was fit to the model curve y = ae −bx where y is the fluorescence intensity, x the number of couplings, a is the maximum intensity and b corresponds to the fractional stepwise coupling yield.
Thrombin-binding assays and identification of aptamer candidates
To record and measure the binding of thrombin to G-quadruplex chips, a 'sandwich' assay was employed whereby a secondary, Cy3-labelled G-quadruplex aptamer, referred to as TBA2 (5 -AGT CCG TGG TAG GGC AGG TTG GGG TGA CT-3 ) binds to the heparin binding site of thrombin with very high affinity (K d = 0.5 nM (8)). A 10 M stock solution of Cy3-TBA2 (Eurogentec) in 100 mM KCl was first heated up to 90 • C for 10 min and slowly cooled down to r.t. overnight to achieve correct folding of the Cy3-TBA2 aptamer. All 32 768 sequences in the TBA1 arrays were also folded in binding buffer (20 mM Tris, 5 mM KCl, 140 mM NaCl, 1 mM MgCl 2 pH 7.5 supplemented with 0.5% BSA and 0.01% Tween20) for 2 h at r.t. Meanwhile, the Cy3-TBA2·thrombin complex was assembled by mixing human thrombin (Sigma-Aldrich, T1063, 200 nM) and Cy3-TBA2 (400 nM) in binding buffer and left to bind at r.t. overnight. The Cy3-TBA2·thrombin complex solution was then transferred to a self-adhesive chamber over the TBA1 array and the resulting mix was allowed to bind for 2 h at r.t. in a hybridization oven at a slow rotation rate. The chamber was then removed and the array was briefly washed three times in phosphate buffered saline buffer (10 mM Na 2 HPO 4 , 1.8 mM KH 2 PO 4 , 140 mM NaCl, 0.01% Tween20), dried by blowing a stream of argon and scanned at 2.5 m resolution using an excitation wavelength of 532 nm in a microarray scanner (GenePix 4400A, Molecular Devices). Scanned images were processed using NimbleScan and Excel. The aptamer candidates were selected after a binding assay at an initial thrombin concentration of 200 nM, significantly above the K d of the unmodified TBA1. The recorded fluorescence intensities were ordered from lowest to highest (unmodified TBA1 = 640 a.u.) and a cut-off was set at 1000, above which any sequence was surmised to bind to thrombin with higher affinity than the control TBA1. Partial analysis of the data based on the type, the number or the location of 2 F-ANA modifications was done in Excel by applying various filters. To calculate the number of r combinations of 2 F-ANA modifications in a sequence of length n, the following equation was used: n!/r !(n − r )!. To graphically represent the proportion of DNA or 2 F-ANA nucleotide found at each position of the 15mer in a set of sequences, sequence logos can be created from this set and displayed in the form of a consensus sequence. Sequence logos were generated by WebLogo (weblogo.berkeley.edu (41)) using the following descriptors: dT = T; 2 F-araT = U; dG = G and 2 F-araG = A. Letters U and A were then replaced with fT and fG, respectively.
Thrombin-binding assays and determination of binding constants
Thrombin-binding assays were repeated at various thrombin concentrations (5, 10, 20, 50, 100 and 200 nM and a corresponding 2X excess of Cy3-TBA, i.e. 10, 20, 100, 200 and 400 nM, respectively) for TBA1 arrays containing all aptamer candidates. All experiments were performed in triplicate as described above. The recorded fluorescence values for each sequence was corrected for background, normalized and plotted as a function of thrombin concentration in SigmaPlot. The dissociation constant was then extracted by fitting a four-parameter logistic curve y = b + (a − b)/(1 + (x/c) d ) to the experimental curve where y is the fluorescence intensity, b the maximum fluorescence, a the minimum fluorescence, x the thrombin concentration, c the concentration yielding a fluorescence of 0.5 and d the slope factor.
Oligonucleotide synthesis and purification
Oligonucleotide synthesis was performed on an ABI 3400 DNA synthesizer from Applied Biosystems at 1 mol scale on Unylinker (ChemGenes) CPG solid support. Thymidine (dT) and deoxyguanosine (ibu) (dG) phosphoramidites were used at 0.1 M concentration in acetonitrile, and coupled for 110 s and 300 s, respectively. 2 F-araT and 2 F-araG were used at 0.11 M and 0.13 M concentration respectively and coupled for 600 s. After completion of the synthesis, CPG was transferred to a 1.5 ml screw-cap eppendorf. One millilitre aqueous ammonium hydroxide was added and the eppendorf was placed on a shaker at room temperature for 48 h or at 55 • C for 16 h. The deprotection solution was centrifuged and decanted from the CPG. Samples were vented for 60 min, chilled in dry ice and evaporated to dryness. Crude oligonucleotides were purified by preparative denaturing polyacrylamide gel electrophoresis using 24% polyacrylamide gels and 0.5x TBE running buffer. Bands were extracted and left overnight on the shaker in autoclaved DEPC-treated Millipore water. Samples were then filtered, lyophilized to dryness and desalted with NAP-25 Sephadex columns according to the manufacturer's protocol. The extinction coefficient of the 2 F-araT and 2 F-araG was simi-lar to that of the unmodified sequence. Masses were verified by ESI-MS.
Thermal melting temperature experiments
UV thermal denaturation data were obtained on a Varian CARY 100 UV-visible spectrophotometer equipped with a Peltier temperature controller. Thrombin-binding aptamers were dissolved in 10 mM Tris, pH 6.8 with and without 25 mM KCl at a final concentration of 8 M. Concentrations were determined after quantitating the samples by UV absorbance at = 260 nm. Samples were annealed in T m buffer at 90 • C for 15 min, then cooled slowly to room temperature, and stored at 5 • C at least 12 h before the measurements were performed. Denaturation curves were acquired at 295 nm at a rate of 0.5 • C/min. Samples were kept under a nitrogen flow at temperatures below 12 • C to avoid condensation. The dissociation temperatures were calculated as the midpoint of the transition (T m ) values using the first derivatives of the experimental data. Experiments were performed in triplicate.
Circular dichroism
Circular dichroism (CD) studies were performed at 15 • C on a JASCO J-810 spectropolarimeter using a 1 mm path length cuvette. Temperature was maintained using the instrument's Peltier unit. Spectra were recorded from 350 to 230 nm at a scan rate of 100 nm·min −1 and a response time of 2.0 s with three acquisitions recorded for each spectrum. The spectra were normalized by subtraction of the background scan with buffer. Data were smoothed using the means-movement function within the JASCO graphing software. Thrombin-binding aptamers were annealed in 10 mM Tris, pH 6.8 with and without 25 mM KCl at a final concentration of 8 M.
NMR spectroscopy and structural modelling
Samples of TBA1 and its 2 F-araT3 modification were suspended in 200 l of either D 2 O or H 2 O/D 2 O 9:1 in 10 mM potassium phosphate, 25 mM KCl, pH 7 (DNA concentration ∼1.0 mM). NMR spectra were acquired in a Bruker Avance spectrometer operating at 600 MHz, and processed with Topspin software. The NOESY spectra were acquired with mixing times of 100 and 250 ms, and the TOCSY spectra were recorded with standard MLEV 17 spin lock sequence, and 80 ms mixing time. NOESY spectra were recorded at 5 • C. The spectral analysis program Sparky (42) was used for semiautomatic assignment of the NOESY cross-peaks and quantitative evaluation of the NOE intensities. Almost complete assignment of the NMR resonances could be carried out from TOCSY and NOESY experiments on the basis of the strong similarity with the NMR spectra of unmodified TBA (Table S1 , Supplementary Data) (43) . Interproton distance constraints were set according to NOE intensities. A list of distance constraints involving lateral loops protons is shown in Table S2 (Supplementary Data).
Structural models of 2 F-araT3-TBA were built from the coordinates of unmodified TBA as reported in the literature Nucleic Acids Research, 2017 , Vol. 45, No. 4 1623 . T3 was mutated to 2 F-araT3, preserving the geometry of the original coordinates. The structures were first minimized in vacuo, and then immersed in a water box of around 4000 water molecules. The whole system was then submitted to the standard equilibration protocol used in our group (44) and to a run of 1 ns of constrained molecular dynamics calculation with the molecular dynamics package AM-BER (45) . The BSC1 force-field (46) was used to describe the DNA, and the TIP3P model was used to simulate water molecules. Force field parameters for 2 F-araT residues were taken from previous work (47) . The last 25 ps of each trajectory were averaged and then minimized. The analysis of the final structures was carried out with the program MOLMOL (48) . The coordinates of the structure have been deposited to the Protein Data Bank (code 5MJX).
RESULTS
Synthesis and incorporation of NPPOC-protected 2 F-araT and 2 F-araG phosphoramidites into microarrays
Synthesis of NPPOC-protected 2 F-araT and 2 F-araG phosphoramidites. The synthesis of the photolabile 2'F-ANA phosphoramidites took first a common route leading to the 3 ,5 -OH 2 F-araT and 2 F-araG nucleosides (49) . The exocyclic amine of the guanine base was then protected with a 4-isopropylphenoxyacetyl (iPrPac), as in the standard NPPOC deoxyguanosine, using iPrPac chloride (Scheme S1, Supplementary Data). The photosensitive protecting group was attached to the 5 position by reacting the free nucleosides with NPPOC chloride at 0 • C, minimizing the formation of a 3 -NPPOC side-product. A final phosphitylation step, employing CEP-Cl and DIPEA, afforded the corresponding phosphoramidites 6 and 7 in very high yields.
Incorporation into microarrays and evaluation of the coupling efficiency. DNA and fully-modified 2 F-ANA oligomers of various lengths (1 to 12mers) were synthesized in parallel on microarrays using amidites 6 and 7 and each sequence was terminated with a Cy3 dye. The coupling efficiency can be extracted from the curve plotting the decrease in Cy3 intensity against the increase in sequence length. While a 1 min coupling time for 2 F-araT and 2 min for 2 F-araG performed poorly and only achieved an 80.5% and 92% stepwise yield, respectively ( Figure S1 , Supplementary Data), extending it to 10 min proved sufficient to reach near quantitative coupling (>99.9%), thus showing that multiple incorporations of photolabile 2 F-ANA phosphoramidites are feasible.
Hybridization of 2 F-ANA-containing sequence models on microarrays. To verify the integrity of 2 F-ANA oligonucleotides fabricated on microarrays, we proceeded with the hybridization of sequence models to their complementary, dye-labelled strands. First, polymers of 2 F-araT of various lengths (1 to 18 mers) were synthesized, deprotected and hybridized to 5 -Cy3-rA 18 at 4 • C for 2 h. The recorded fluorescence intensities for poly-2 F-araT:rA 18 double strands even exceed those of the corresponding DNA-only sequences ( Figure S2 , Supplementary Data), suggesting more stable 2 F-araT:rA duplexes than dT:rA; this observation is con-sistent with a previous study on similar duplexes in solution (12) . Next, 2 F-araG was incorporated in a 12mer composed of alternating dTs and dGs. Scanning after hybridization revealed a fluorescence emission for the (dT/2 F-araG) 6 :r(AC) 6 duplex of comparable intensity to that of the d(TG) 6 :r(AC) 6 duplex ( Figure S3 , Supplementary Data), indicating correct removal of the base protecting group in 2 F-araG, similar duplex stability and further validating the correct structures of 2 F-ANA-containing oligonucleotides on arrays.
Synthesis of all DNA/2 F-ANA permutations in a Gquadruplex on microarrays
Synthesis and thrombin-binding experiments. Having shown that functional arrays can be produced with 2 F-ANA chemistry, we proceeded with the synthesis of Gquadruplexes on the high-density microarray platform. We opted for a layout with 1 91 000 features in order to span all 32 768 permutations in the 15mer TBA1 (2 15 ) on the same array while including several replicates, negative controls and empty features to be used as background reference. A spacer of ten thymidine nucleotides is fabricated first to distance the folded nucleic acid structure from the glass surface and ensure an optimal sensitivity and availability for binding (30, 50) . After synthesis and deprotection, folding of the quadruplexes was carried out in a potassium buffer. To bind and detect thrombin on arrays, we adopted the idea of a 'sandwich' assay that avoids the labelling of thrombin ( Figure 1) ; specifically, a preformed complex of a secondary aptamer, TBA2, bound to a different, distal epitope of thrombin carries a Cy3 dye at its 5 -end. The tightly bound complex was added over the folded quadruplex array, washed off after 2 h and the resulting TBA1·thrombin·TBA2 ternary complex was scanned. Our initial attempt looked at the response for a thrombin concentration of 200 nM, high enough to ensure binding to the unmodified control TBA1. The emitted fluorescence signals are displayed in Figure 2A , ordered from lowest to highest. A large majority of 2 F-ANA permutations (65% of all 32 768 sequences) give rise to very low signals, close to background values, indicating very poor binding to thrombin. The fully 2 F-ANA-modified TBA1 also performs poorly, as was already noted previously (19) . Interestingly however, the signals for a significant number of sequences (1015 sequences, 3% of the total amount of permutations) exceed that of the control TBA1, indicating stronger binding affinity towards thrombin. A similar assay on blank surfaces yielded no recordable fluorescence, meaning that the Cy3-TBA2·thrombin complex does not bind non-specifically to glass. Likewise, the addition of Cy3-TBA2 alone in binding buffer over G-quadruplex arrays did not produce any signal, confirming that fluorescence emission solely arises from the interaction of the labelled complex and the folded structures. Finally, the removal of BSA, a protein commonly used to reduce non-specific binding of the target protein to the glass surface, had no effect on the relative fluorescence intensities between strong and weak thrombin binders, suggesting that sequences with higher affinity towards thrombin do not, simultaneously, display stronger affinity to BSA as well.
Sequences containing single and double-2 F-ANA modifications. Having access to the entire chemical binding landscape of DNA to 2 F-ANA permutations in TBA1, we reasoned that focusing on specific subsets of permutations may return relevant information about the position-dependence of 2 F-ANA modifications on thrombin binding. Thus, we first turned our attention to sequences containing a single 2 F-ANA modification (15 occurrences), for which the binding signals are shown in Figure 2B . The lowest intensities occur where 2 F-ANA was incorporated at G1, G5, G10 or G14. At these positions the guanine base is usually found adopting a syn conformation, which is known to result in a steric clash between the 2 -␤-fluorine and the syn-oriented nucleobase (19, 51) . While most single-modified TBA1 yield binding signals comparable to that of the DNA control, two combinations stand out and give relatively high signals, one where 2 F-ANA is at position T3, and the other at T12. Both positions are in the small TT loops directly contacting thrombin. Surprisingly, replacing the other two loop-dT units--namely T4 and T13--with 2 F-ANA, reduces the binding affinity. We then turned to studying the influence of an additional 2 F-ANA incorporation on the thrombinbinding affinity of singly-modified 2 F-ANA sequences. To do so, we mapped out the fluorescence signals of all 105 possible sequences mutated with two 2 F-ANA units. A few trends emerge from the diagram shown in Figure 3 . The largest fluorescence counts are almost exclusively populated with sequences containing a 2 F-ANA at position T3, and sequences with an additional 2 ␤ fluorine at positions T7 or T12 form the strongest combinations. However, a combination of 2 F-ANA at T3 and G5 dramatically decreases binding, indicating that the conformational changes provoked by a steric clash between fluorine and a syn-oriented guanine cannot be compensated for by the simple introduction of a second 2 F-ANA at a favourable position. Indeed, almost any combination featuring 2 F-araG5, G10 or G14 fails to yield significant binding signals. The recorded intensities are arranged as a coloured heatmap, green corresponds to lowest signals and purple to the highest. Colour for the control TBA1 is given as reference.
Multiple incorporations of 2 F-ANA in TBA1. The systematic analysis of all combinations of three or more 2 F-ANA modifications in the TBA1 sequence indicates that the vast majority are poor binders ( Figure S4 , Supplementary Data). For five incorporations of 2 F-ANA nucleotides, already 92% of the 3003 possible sequences yield weaker signals than that of the original model. Nonetheless, we identified a combination of three 2 F-ANA substitutions (T3, T7 and T12) whose signal significantly exceeds that of any single or double-modified sequence, hinting at an additive effect of 2 F-araT on binding affinity.
These results prompted us to examine permutations composed of only 2 F-araG or 2 F-araT (512 and 64 sequences, respectively). Figure 4 displays the fluorescence intensities of all dG-to-2 F-araG mutations which, almost invariably, remain below that of the DNA control. Two exceptions, both featuring a 2 F-araG at position G8, the only guanine residue not involved in the formation of a G-quartet, marginally stand above the DNA control. In order to identify permutation motifs that adversely or favourably affect the binding properties of TBA1 and determine which positions are frequently populated with 2 F-araG in the low and high fluorescence region of Figure 4 , we selected 2 F-araGcontaining sequences leading to very poor or better binding signals and generated a consensus sequence. As shown in Figure 4 , very low signals are mainly populated with sequences containing 2 F-araG at G1, G5, G10 and/or G14, and amongst those, combinations with a 2 F-araG at G5 dominate, suggesting that introducing 2 F-ANA at this position destines any mutated candidate to be a weak thrombin binder. At the other end of the fluorescence spectrum in Figure 4 , sequences whose binding signals are comparable to that of the control preferentially contain 2 F-araG at G8 and/or G15, which is in line with our interpretation on single-modified TBA1s. The replacement of dT with 2 F-araT yielded a very different picture ( Figure 5 ). Indeed, the majority of 2 F-araT combinations appear to bind thrombin with higher affinity than the unmodified TBA1 and in the corresponding consensus sequence, a 2 F-araT at T3 is almost always present, clearly identifying it as a key residue for improving the binding affinity of the original TBA1 structure. Conversely, modifying position T4 with 2 F-araT negatively affects TBA1 and holds true regardless of the number and the location of additional 2 F-araT units. Thus, like G5, the position T4 does not seem to tolerate 2 F-ANA chemistry.
To address whether the recognized consensus and motifs transpose well to a mixed 2 F-araT/G population, we obtained sequence logos from regions of low and high fluorescence emission in the entire permutation library (Figure 6) . Again, the extremely weak binding signals (<10 a.u. above background) largely stem from sequences containing a 2 F-araG at position G5, which confirms that mutating G5 to 2 F-ANA eliminates significant thrombin binding, even if accompanied with other favourable 2 F-ANA substitutions. Indeed, at the opposite end of the fluorescence emission spectrum, G5 appears only in DNA form and, in addition, a consensus sequence emerges in strong binding candidates wherein the syn-oriented G1, G5, G10 and G14 remain unmodified while position T3 is exclusively found modified with 2 F-araT.
Measurement of binding affinity.
There is good evidence that the intensity of fluorescence emission on microarrays qualitatively reflects binding affinity (24, 52, 53) . To confirm that a strong signal correlates with a strong binding, we wished to provide a quantitative measure of the stability of the TBA1·[thrombin·Cy3-TBA2] complex. To do so, we scanned a quadruplex microarray under a range of thrombin concentrations spanning two orders of magnitude. The lower limit was set at 5 nM so as to ensure the formation of the first Cy3-TBA2·thrombin complex and the higher limit at 200 nM, as the non-specific binding of the preformed fluorescent thrombin·Cy3-TBA2 to the glass surface becomes significant at higher concentrations and reduces data reliability. We selected the 178 sequences yielding the highest signals (>1000 a.u.) and, together with positive and negative controls, synthesized microarrays containing all the best aptamer candidates. The recorded fluorescence intensities were plotted as a function of the various amounts of thrombin to which the folded aptamer arrays were exposed and the results are shown in Figure 7 . While the curves marginally differ from one sequence to another, the maxima of fluorescence when close to the saturation regime show some disparity. The curves yielding the highest fluorescence counts, corresponding to sequences 1 and 2 in Table 1 , were fit to a sigmoidal model in order to determine binding constants, and found to be 28 nM in both cases. In addition, they share a common pattern of chemical modifications; with T3, G8 and T12 identified as 2 F-ANA, in line with the consensus sequence presented in Figure 6B . The unmodified TBA1 was found to bind thrombin with a K d of 93 nM, when it was estimated at 210 nM in our previous study (19) . Despite the broad spectrum of maximal fluorescence intensities, the variation in K d among all aptamer candidates only spans 6 nM (28-34 nM), indicating that there are 178 combinations of 2 F-ANA TBA1 aptamers able to bind thrombin with a ∼3-fold improvement over the original quadruplex structure. Surprisingly, a single incorporation of 2 F-ANA at position T3 (sequence 5) is able to bring the dissociation constant down to 31 nM, clearly designating 2 F-araT3 as the main contributor to the increased binding affinity. The two combinations previously identified as good binders using nitrocellulose filter binding assays, sequences 3 and 4 (19) , are not members of this subgroup, yet their binding constants were measured on arrays and found to closely match those obtained by standard methods (39 nM versus 58 nM for 3, 41 nM versus 40 nM for 4). Two 2'F-araT-containing sequences, 15 and 16, were found to bind thrombin with K d s of 85 and 117 nM, respectively, apparently stronger binders than originally measured (K d s of 300 and 250 nM, respectively), yet in the same range as the reported binding constant of the unmodified TBA1 in each experimental setup. This allows us to consider that K d values for 2 F-ANA aptamers on microarray surfaces reflect, qualitatively, those calculated previously (19) .
Stability of single-modified and 2 F-ANA-rich TBA1 quadruplexes
UV and CD spectroscopy. An additional parameter to be taken into consideration when modifying the structure of the TBA1 aptamer is the stability of the folding arrangement, which can be assessed using spectroscopic techniques. The effect of the introduction of 2 F-ANA in TBA1 was already partially examined (19) , and a high-2 F-ANA content generally translated into an increase of the melting temper- ature of the quadruplex, which still retained an antiparallel chair-like conformation, as evidenced by CD spectroscopy. Only the presence of 2 F-ANA on syn-oriented guanine positions was found to compromise the stability of the TBA1 aptamer. The thermal stability of single-modified sequences was not reported. We therefore wished to complete this study by measuring the stability of sequences containing a single 2 F-araT unit at positions which were previously found to be key residues for thrombin binding (T3, T4, T12 and T13). We thus prepared sequences 5, 12, 13 and 14 (modified with 2 F-ANA at position T3, T12, T13 and T4, respectively) by solid-phase synthesis and investigated their Table 1 . Dissociation constants, melting temperatures and folding alignment for 2 F-ANA-rich aptamers identified with microarrays or with standard solid-phase synthesis (19) . T or G = 2 F-araT or 2 F-araG.
Code
Sequence ( behaviour in potassium-supplemented buffer. The profile of all T m curves ( Figure 8A) is consistent with G-quadruplex formation, with a decrease in absorbance at 295 nm upon melting of the conformer (54) . The presence of 2 F-ANA at position T3 (sequence 5) not only drastically strengthens binding (Table 1) , but also leads to a striking increase in thermal stability: a +7 • C increment compared to the control (54 • C versus 47 • C, Table 1 ). Upon modification of position T12 (sequence 12), a T m of +5 • C was observed, in agreement with the binding assays whereby position T12 appeared to be the next best choice for 2 F-ANA incorporation. Conversely, 2 F-ANA-modified sequences at positions T13 or T4 (13 and 14, respectively) were found to be as stable as the unmodified control, clearly showing that the thymidines in the 2-nt loops are structurally distinct.
In parallel, we sought to identify high thrombin-binding sequences featuring a large number of 2 F-ANA units and evaluate their biophysical properties. Amongst the preselected 178 candidates mentioned previously, sequences 6-9 include eight 2 F-ANA residues and bind thrombin with K d s of ∼30 nM. Further down the catalogue of permutations, we found that up to 10 2 F-ANA mutations can be introduced in the 15mer (sequences 10 and 11) while still maintaining a good thrombin binding ability (K d s of 45 and 53 nM, respectively). Oligonucleotides 6-11 were therefore synthesized on solid-phase synthesis. All 2 F-ANA aptamers were found to be more stable than the control TBA1, with T m s ranging from 66 to 68 • C; an overall T m increase of 20 • C compared to the control (47 • C, Table 1 ). These sequences are more stable than any 2 F-ANA quadruplex studied previously (19) .
We then looked at the CD spectra of sequences 5-14, which displayed a strong positive absorption band at 295 nm and a weaker, negative absorption band at 260 nm (Figure 8C) ; characteristic features of an antiparallel folding pattern wherein the guanine bases are oriented in an alternating syn-anti fashion in the G-quartet (55) . TBA1 also adopts this conformation and exhibits a similar CD spectrum (19) . We then performed UV and CD spectroscopy on 5-14 in the absence of K + and, interestingly for sequences 5-12, noticed a hypochromic transition of high amplitude ( Figure 8B ), suggesting the formation of a G-quadruplex in those oligonucleotides even in the absence of potassium ions. The formation of a G-tetrad under potassium-free conditions has been observed independently, in particular for the native TBA1 (56), although usually yielding fragile structures. Indeed, we obtained a denaturation curve with very low amplitude for the control TBA1 in the absence of K + and measured a T m of 15.8 • C, in agreement with the literature (57) . Similarly, sequences 13 and 14 showed a weak hypochromic transition, corresponding to T m s slightly below that of the original structure (14.6 and 15 • C). Aptamers 6-11, on the other hand, formed stable structures up to 36-41 • C in the absence of potassium, a T m difference of 20-25 • C compared to the control, and are only 5-10 • C less stable than the unmodified TBA1 when studied in a potassiumrich environment (T m of 47 • C). A G-quadruplex modified only at position T3 (sequence 5) exhibits a T m of 24 • C, well above that of the control TBA1 ( T m of +8 • C), while a T m of +6.5 • C was measured for sequence 12 modified at position T12. In addition, CD spectra recorded without potassium ( Figure 8D) show that all aptamers (5 to 12) maintain an antiparallel folding (type II spectrum) with a positive band at 295 nm and a negative band at 260 nm, and the same ellipticities as those recorded in the presence of potassium. The CD spectra of sequences 13 and 14 display somewhat weaker ellipticities, in line with their relative instability under potassium-depleted conditions. Thus, our study reveals that not only are the 2 F-ANA aptamers 5 to 11 better thrombin binders than the original model, they are considerably more stable and do not seem to require potassium to be able to fold into their distinct chair-like conformation.
Solution structure of TBA1 modified with 2 F-araT3. Another striking feature of the presence of 2 F-ANA in the TBA1 aptamer unveils upon modification of T3, as it leads to both increased thrombin binding and thermal stability. We thus sought to shed some light onto the source of stabilization and improved affinity using NMR. We first recorded NMR spectra of aptamer 5 under a range of increasing temperatures and clearly confirm its higher stability relative to unmodified TBA1 ( Figure S7 , Supplementary Data). The complete assignment of the NMR spectra was carried out and shows that the proton chemical shifts are almost identical to the unmodified TBA with the exception of some thymine protons in the lateral loops (Figures S8,  S9 and Table S1 , Supplementary Data) including not only the modified residue T3, but also T4 and, to a lesser extent, T13. Since chemical shifts are extremely sensitive to structural changes, we can safely conclude that the structures of aptamer 5 and the unmodified TBA1 only differ in the lateral loops region, where a large number of NOEs involving these residues were detected (Table S2 , Supplementary Data for a complete list). Based on these NOEs, a model structure of aptamer 5 was calculated using restrained molecular dynamics methods. It was found that, in contrast to the solution structure of the unmodified TBA1 in which T3 and T12 are mainly observed in a disordered arrangement (43, 58) , the resulting structure of aptamer 5 exhibits very well-defined loops ( Figure 9B ), both at T3 and T12 positions. In particular, the conformation of 2 F-araT3 in the solution structure resembles that of T3 in the crystallographic structure of the TBA1-alpha thrombin complex (7) ( Figure 9C ). Thus, these results indicate that 2 F-ANA substitution at residue T3 comes with better structured loops, both in terms of rigidity and compactness, seemingly adopting the appropriate conformation for thrombin recognition. Of interest is the fact that the structural organization of T3 upon mutation with 2 F-ANA affects position T12 as well. Given the symmetrical position of T3 and T12 with respect to the overall quadruplex structure, it is expected that the substitution of T12 with 2 F-ANA would produce similar changes.
DISCUSSION
The overwhelming majority of oligonucleotides arrays produced by photolithography are DNA, and despite the robustness of the phosphoramidite chemistry, attempts at expanding the technology to RNA have been infrequent (59) (60) (61) (62) , and reports on arrays containing nucleoside analogues have been rare (63) . Considering the essential role of chemically-modified nucleosides in modern aptamer discovery (10, 64) , the prospect of extending the chemical repertoire of nucleic acids microarrays is highly appealing. We present here the fabrication of the first 2 F-ANA microarrays and their use in exploring the binding landscape of TBA1 to its target thrombin and in identifying novel 2 F-ANA aptamers. TBA1, being a 15mer sequence, requires a library of 32 768 oligonucleotides in order to explore all possible DNA-to-2 F-ANA permutations. This challenge was partially undertaken via solid-phase synthesis (19) but requires a much higher-throughput method in order to be completed. Large libraries assembled with 2 F-ANA are amenable to in vitro selection (65, 66) , but the fundamental bias of selection towards strong binders would offer a truncated view of the chemical space occupied by 2 F-ANA in TBA1 and, in particular, the positions that are most sensitive to modification. However, in situ synthesized arrays provide the means to examine each permutation separately as a unique member of a library whose entire binding landscape can be probed simultaneously in a single experiment. Therefore, the binding affinities of all permutations are directly comparable as they derive from the fluorescence intensities recorded in the same assay and from oligonucleotides in close physical proximity on the same substrate. It has been shown that the fluorescent signals in this context can be used as an absolute measure of binding affinity (29, 53) . We also observe a close correlation between fluorescence intensity and K d , but more careful calibration may be necessary in order to extrapolate a dissociation constant directly comparable to those obtained by other methods. Indeed, we seem to measure slightly stronger binding constants for the same sequences on microarrays than on nitrocellulose. Discrepancies are not unheard of (52) and may well be the consequence of variations in experimental setup and conditions or in the very nature of the assay. Nevertheless, the measured binding constant for the unmodified TBA1 oligonucleotide matches well with reported values (6, 8, 67) and, in our assay, serves as a reference point. The strong binders identified in this study have a common denominator (2 F-araT3) and its effect on binding can be, at least partially, understood using UV-melting and NMR. However, 2 F-ANA-modified G-quadruplexes may adopt unusual conformations that are better adapted to thrombin binding when covalently bound to a microarray surface. Whether structural differences exist and whether they also participate in the improved binding affinity is unclear at this point.
The spectrum of binding signals recorded at a given thrombin concentration yields crucial information about the position-dependence of 2 F-ANA in TBA1. Perhaps the strongest effect originates with replacing syn-oriented guanines G1, G5, G10 and/or G14 with 2 F-ANA where the fluorine atom at the endo face of the arabinose sugar sterically clashes with guanine in a syn conformation. This observation may be useful as an indirect method to reveal the preferred orientation of a nucleobase in exotic nucleic acid structures. Anti-oriented guanines G2, G6, G11 and G15 seem to tolerate 2 F-ANA chemistry but the substitution has no clear positive effect on the binding affinity. When modified with 2 F-ANA, these positions do however participate in the increased stability of the aptamers 6-11, which can be ascribed to the conformational preorganization of 2 F-araG nucleotides locking the nucleobase in an anti-orientation (51) . The only guanine not involved in G-quartet formation is G8, located in the three-nucleotide loop facing away from the contact surface of TBA1 and thrombin. The base is found in an anti conformation and participate in stacking interactions with G10, however 2 F-araG8 as a single modification has little impact on binding.
Positions T12 and particularly T3 clearly emerge as the ideal locations for the introduction of 2 F-ANA nucleotides, since a single modification at either position significantly increases the binding affinity. Yet this effect seems not to be additive, as sequences modified at both positions do not bind thrombin twice as strongly as any singlemodified sequence. T3 and T12 are parts of the two TT loops that recognize exosite I (fibrinogen binding site) of thrombin, and as such, constitute the binding motif of TBA1 (7) . It is therefore surprising that the core region of thrombin interaction can accommodate the presence of nucleoside analogues and even strengthen the binding interaction. Our NMR studies show that 2 -fluoroarabinose sugar substitution at position T3 (and also, presumably, at the equivalent position T12) provokes a preorganization of the TT loop residues into a conformation coinciding with that found in the TBA1-alpha thrombin complex, a plausible source for the increased binding properties of 2 F-araT3-containing aptamers. The fact that both loops appear more rigid with the single modification of position T3 reasonably explains why further modification at position T12 has little additional effect on binding. As to whether the increased binding affinity of the 2 F-ANA-modified aptamers can be attributed to the increased pre-organization of the aptamer into the binding conformation, or an increased affinity of that conformation, we cannot yet provide a definitive answer. Nevertheless, the increased T m of 2 F-ANA-rich quadruplexes together with the NMR results indicating structuring of the lateral loops into an appropriate conformation for thrombin recognition, suggests that pre-organization is likely to play an important role. Electrostatic interactions involving the substituents at the carbon 2 of the arabinose sugar may be an additional source of stabilization of the TBA1 structure. Indeed, it has been previously shown that, in 5 -pyrimidine-purine-3 steps, the introduction of a 2 -␤-fluorine in the pyrimidine allows the formation of an internal pseudohydrogen bond between the fluorine atom and the exocyclic H8 proton of the 3 purine base (17,68,69 ). This pseudohydrogen bond was also ob-served in quadruplexes and was accompanied with an electrostatic interaction between the H2 of the same 2 F-ANA residue and the O4 of the 3 neighbouring guanine, resulting in an overall considerable increase in the melting temperature of the structure (+12 • C with a single 2 F-ANA modification (18) ). In the case of TBA1, positions T3 and T12 do not have a guanine residue as 3 neighbours, but the F2 in 2 F-araT3 and 2 F-araT12 may still participate in C-H6 . . . F2 electrostatic interactions with the near thymine 4 or 13. Indeed, fluorine atoms at the 2 position of T3 and T12 are in close proximity with the H6 proton of T4 and T12, respectively (∼2.5Å) and the angular geometry seems to allow for the formation of a C-H6 . . . F2 pseudohydrogen bond ( Figure 9D) .
The presence of 2 F-ANA in the other two T nucleotides of the TT loops, namely T4 and T13, is much less beneficial to stability and binding; hence they are rarely found modified in the selected subset of good binders. In addition, it should be noted that T4 and T13 are the only T positions where 2 F-ANA modification does not lead to increased thermal stability, which suggests that the introduction of a fluorine at 2 F-araT4 and 2 F-araT13 has local, yet adverse effects on the structure of TBA1. T4 and T13 participate in thrombin recognition through polar interactions with neighbouring arginine residues, and feature a coplanar arrangement of the guanidine side chains of Arg75 and Arg77 and the thymine base of T4 (7) , which may be disrupted due to the presence of a 2 F. Evidence from negative structural disruptions may come from the formation of repulsive electrostatic interactions between the 2 -fluorine in T4 and the neighbouring 5 -oxygen, as suggested by their close proximity in the solution structure ( Figure S11 , Supplementary Data). Nevertheless, additional NMR experiments will be necessary for a full understanding of the effect of a fluorine substitution at those positions.
CONCLUSION
The application of 2 F-ANA chemistry in non-canonical nucleic acids topologies such as quadruplexes or i-motifs (70) , beyond the historical realm of antisense and siRNA strategies, illustrates its appealing electronic and structural properties and by introducing 2 F-ANA to in situ synthesized microarrays, we provide a method to investigate the chemical space occupied by 2 F-ANA in a systematic way. We presented here the fabrication of a microarray populated with all possible deoxyribose-to-fluoroarabinose permutations of a 15mer quadruplex aptamer (TBA1) and its use in thrombin binding experiments using a 'sandwich' approach. In so doing, we extracted essential information on the positional effect of 2 F-ANA in TBA1 and found that syn-oriented guanines do not tolerate the presence of a 2 -␤-fluorine atom while an increased binding and stability are observed upon modification of thymidines T3 and T12, residues directly participating in thrombin binding. Several combinations of 2 F-ANA in TBA1, accommodating up to 10 2 F-ANA modifications, were also identified as promising aptamer candidates, reaching dissociation constants up to three times lower than that of the DNA-only TBA1. In these cases, a high 2 F-ANA content translated into a considerable increase in quadruplex stability (+20 • C) and into stable folding even in the absence of potassium ions. Structural studies on the effect of 2 F-ANA substitution at position 3 indicate that 2 -fluoroarabinose provokes a preorganization of this key residue in the appropriate conformation for thrombin binding. Taken together, our results encourage further development of 2 F-ANA-based quadruplexes in general, and TBA1 aptamers in particular, for example in thrombin sensing platforms (57, 71, 72) , or in therapeutics (73) , while enriching the collection of nucleoside analogues available for in situ microarray synthesis.
